Abstract: This paper presents the development of temperature sensors based on fiber Bragg gratings (FBGs) embedded in 3D-printed structures made of different materials, namely polylatic acid (PLA) and thermoplastic polyurethane (TPU). A numerical analysis of the material behavior and its interaction with the FBG sensor was performed through the finite element method. A simple, fast and prone to automation process is presented for the FBG embedment in both PLA and TPU structures. The temperature tests were made using both PLA-and TPU-embedded FBGs as well as an unembedded FBG as reference. Results show an outstanding temperature sensitivity of 139 pm/ • C for the FBG-embedded PLA structure, which is one of the highest temperature sensitivities reported for FBG-based temperature sensors in silica fibers. The sensor also shows almost negligible hysteresis (highest hysteresis below 0.5%). In addition, both PLA-and TPU-embedded structures present high linearity and response time below 2 s. The results presented in this work not only demonstrate the feasibility of developing fully embedded temperature sensors with high resolution and in compliance with soft robot application requirements, but also show that the FBG embedment in such structures is capable of enhancing the sensor performance.
Introduction
The use of flexible or soft structures on the development of actuators, robots and devices is an emerging trend in the last few years [1] . The so-called soft robotics involve the use of flexible fluidic actuators, shape memory materials, and electro active polymers as actuators in conjunction with rubbers, plastics and flexible cables, which result in a flexible robot [2] . These advantages are especially desirable in the development of wearable robots, where the robot can be optimally designed and controlled for each user, achieving the so-called human-in-the-loop design [3] . Soft robotics also find numerous applications in the biomedical field, which include wearable robots, prostheses, surgical and assistive devices due to the biocompatibility and biomimicry of such soft materials that are also employed as artificial organs as well as in body simulations, as summarized in [4] . For the industrial environment, soft robots can be used to perform activities that the conventional rigid robots cannot, such as grasping fragile objects. In addition, due to their higher flexibility, such robots can be regarded as a safer solution in human-robot interaction factories or workplaces [5] .
Aiming at developing a fully embedded temperature sensor with high resolution and in compliance with soft robot application requirements, this paper presents the design of FBG-embedded, 3D-printed temperature sensors. To verify the sensor behavior in different materials, the FBG was embedded in 3D-printed structures made of PLA and TPU, where the sensitivity, linearity and hysteresis of each sensor were compared with each other and an unembedded FBG sensor used as reference. The proposed temperature sensor has a compact design, can be easily fabricated with commercially available 3D printers, has electromagnetic field immunity and can be readily employed on the next generation of soft robotics. Moreover, none of the aforementioned works [32, 33, 36 ] present a thorough study on the sensor hysteresis, linearity and response times, as the one proposed in this work. Additionally, to the authors' best knowledge, this is the first FBG embedded in a flexible 3D-printed structure as the one proposed in TPU. The comparison of this material with other 3D-printed structures brings important knowledge for the design of flexible structures with embedded sensors, which also complements the work presented in [32] , where the infill density was evaluated, but for only one material (ABS in that case). It is also noteworthy that the temperature sensor proposed in this work also has much higher sensitivity (with negligible hysteresis) than the ones previously reported using similar methods.
This paper is divided as follows. Section 1 presented the motivation and introductory aspects of the work. Section 2 describes the operation principle of the sensor with analytical and numerical approaches. Section 3 depicts the experimental setup used in the sensor characterizations. Results and discussions are presented in Section 4. Finally, the concluding remarks and future investigations are discussed in Section 5.
Operation Principle and Numerical Simulations
The proposed temperature sensor is based on FBGs embedded in a 3D-printed structure. FBGs are created through the fiber exposure on a periodic intensity pattern, which results in a refractive index modulation [37] . There are different ways to create such modulation: interference between two beams [37] , phase mask [20] and direct writing using a femtosecond laser [38] . The Bragg wavelength (λ B ) is directly related to the effective refractive index (refractive index with the modulation created by the intensity pattern) and the grating period as follows:
where n eff is the effective refractive index and Λ is the grating period. Thus, variations in the grating period and refractive index lead to a shift of the Bragg wavelength. The grating period changes with variations in the fiber length, which can be created through axial strain and thermal expansion, whereas the refractive index of a fiber also varies with temperature and strain through the thermo-optic and photoelastic effects, respectively. Therefore, a FBG is intrinsically sensitive to temperature and strain following Equation (2) .
In Equation (2), ε fiber is the strain on the fiber, P e is the photoelastic constant, α is the fiber's thermal expansion coefficient, ζ is the thermo-optic coefficient, and ∆T is the temperature variation. In this way, if the fiber is submitted to only temperature variations (without strain), the wavelength shift (λ B ) is related to the initial Bragg wavelength, thermo-optic and thermal expansion coefficients, where typical values for FBG inscribed in silica fibers are 8-11 pm/ • C [39] .
It is important to note that, if the fiber is embedded in a material, the temperature behavior of the material must be considered. In this work, we considered two polymers commonly used as filaments of 3D printers: PLA and TPU. The employed polymers have different thermal expansion coefficients as well as mechanical properties. In both cases, the FBG was embedded in the center of a cylinder with 10 mm diameter and 25 mm length to guarantee that the FBG is fully embedded in the 3D-printed structure. The FBG embedment leads to a slight decrease in the reflectivity and to a Sensors 2018, 18, 4120 4 of 15 red-shift on the Bragg wavelength due to the strain induced by the coating material, as previously shown both numerically and experimentally in [32] .
To show the temperature behavior of each polymer used on the FBG embedment, a numerical simulation using the finite element method (FEM) was performed using the software Ansys Workbench 15.0 to show the behavior of each material under temperature. The simulations were performed considering an initial temperature of 20 • C, final temperature of 70 • C and a convection coefficient of 2000 W/(m 2 • C), which is the one considering forced convection [40] . The results for PLA and TPU are shown in Figure 1 , where the directional heat flux is presented as a function of the cylinder front view.
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To show the temperature behavior of each polymer used on the FBG embedment, a numerical simulation using the finite element method (FEM) was performed using the software Ansys Workbench 15.0 to show the behavior of each material under temperature. The simulations were performed considering an initial temperature of 20 °C, final temperature of 70 °C and a convection coefficient of 2000 W/(m 2 °C), which is the one considering forced convection [40] . The results for PLA and TPU are shown in Figure 1 , where the directional heat flux is presented as a function of the cylinder front view. In Figure 1 , the colormap shows a positive heat flux in the regions with color green (or higher wavelengths, such as red), whereas a negative heat flux is shown in the light green region (or lower wavelengths, such as blue). As shown in Figure 1 , there is a heat flux towards the center of the cylinder for both polymers, following the fundamental law of thermodynamics, where the heat flows from the hotter environment (the ambient at 70 °C in this case) to the colder body region (center of the cylinder). Comparing the values of heat flux for both polymers, the PLA shows higher values of heat flux, which can indicate that the PLA reaches the steady state faster than TPU, leading to a lower response time for the temperature sensor. However, the difference between the structures is not high, which can also indicate that temperature sensors with TPU and PLA will present similar values of response time.
The temperature variation on the coating materials leads to a thermal expansion of the polymers, thus, from the results in Figure 1 , it is possible to infer that such thermal expansion will create a strain vector pointing towards the center of the cylinder, i.e., the region where the FBG is embedded. To verify this assumption, another simulation was performed. In this case, the analysis was made with respect to the vector of the principal strain (as shown in Figure 2a for the TPU case). It is worth mentioning that the same behavior occurs when the simulation was performed with PLA. In addition, in this simulation, we also considered a V-groove in the center of the cylinder, which is the region where the FBG was positioned. Thus, when the temperature increases, the FBG is also subjected to a strain from the thermal expansion of the 3D-printed structure. To estimate the strain which the FBG would be subjected, another simulation was performed, where the strain (as a function of the temperature) in the vicinity of the FBG for both PLA and TPU are presented in Figure 2b . The differences between the proposed sensors and the previous ones presented in the literature (e.g., [32] ) are related not only to the material used in FBG embedment, but also the sensor structure. As shown in Figure 2a , the sensor was embedded in a cylindrical structure with 10 mm diameter (in contrast with [32] , where a rectangular shape was used). This structure leads to a uniform distribution of the thermally induced strain on the structure, which can reduce the sensor hysteresis. In addition, this high diameter of the structure is also responsible for a higher strain transmitted to the FBG due to the In Figure 1 , the colormap shows a positive heat flux in the regions with color green (or higher wavelengths, such as red), whereas a negative heat flux is shown in the light green region (or lower wavelengths, such as blue). As shown in Figure 1 , there is a heat flux towards the center of the cylinder for both polymers, following the fundamental law of thermodynamics, where the heat flows from the hotter environment (the ambient at 70 • C in this case) to the colder body region (center of the cylinder).
Comparing the values of heat flux for both polymers, the PLA shows higher values of heat flux, which can indicate that the PLA reaches the steady state faster than TPU, leading to a lower response time for the temperature sensor. However, the difference between the structures is not high, which can also indicate that temperature sensors with TPU and PLA will present similar values of response time.
The temperature variation on the coating materials leads to a thermal expansion of the polymers, thus, from the results in Figure 1 , it is possible to infer that such thermal expansion will create a strain vector pointing towards the center of the cylinder, i.e., the region where the FBG is embedded. To verify this assumption, another simulation was performed. In this case, the analysis was made with respect to the vector of the principal strain (as shown in Figure 2a for the TPU case). It is worth mentioning that the same behavior occurs when the simulation was performed with PLA. In addition, in this simulation, we also considered a V-groove in the center of the cylinder, which is the region where the FBG was positioned. Thus, when the temperature increases, the FBG is also subjected to a strain from the thermal expansion of the 3D-printed structure. To estimate the strain which the FBG would be subjected, another simulation was performed, where the strain (as a function of the temperature) in the vicinity of the FBG for both PLA and TPU are presented in Figure 2b . The differences between the proposed sensors and the previous ones presented in the literature (e.g., [32] ) are related not only to the material used in FBG embedment, but also the sensor structure. As shown in Figure 2a , the sensor was embedded in a cylindrical structure with 10 mm diameter (in contrast with [32] , where a rectangular shape was used). This structure leads to a uniform distribution of the thermally induced strain on the structure, which can reduce the sensor hysteresis. In addition, this high diameter of the structure is also responsible for a higher strain transmitted to the FBG due to the polymer's thermal expansion, resulting in higher temperature sensitivity when compared with previously reported solutions. Regarding the material, we also proposed an embedment in a TPU structure, which has a Young's modulus of about 1.5 GPa [41] , three times lower than the one of PLA (3.5 GPa). It is noteworthy that the Young's modulus of PLA is also higher than the one of ABS (2.5 GPa) [42] . If polymers are analyzed, the viscoelastic nature of such materials must be considered, as they not have constant response with stress or strain and may also present hysteresis [34] . The viscoelasticity is defined as the combination of viscous and elastic behavior of polymers. In the viscous behavior, it is expected that the polymer has a viscous-like behavior, otherwise there is an elastic-like behavior [43] . It is possible to estimate if a polymer will have a viscous or elastic behavior with its glass transition temperature (T g ). Above this temperatures, the polymer behavior tends to be more viscous [43] , which can result in higher hysteresis. Since the T g of TPU is −50 • C, whereas the one of the PLA is about 120 • C, one can expect a higher hysteresis of the TPU structure, as the tested temperatures are above the material T g . Thus, the analytical and numerical analyses indicate that the proposed sensor approach can enhance the sensors performance, which defines the novelty of this work, where, by performing an analytical and numerical analysis of the sensor design, structure and materials used on the embedment can lead to major improvements in the sensors' performance.
The strain in the center of the cylinder shown in Figure 2b for TPU and PLA shows a higher strain from the TPU material, which is also related to the thermal stress defined as the product of the material Young's modulus, thermal expansion coefficient and temperature variation. Even though PLA has higher thermal expansion coefficient (4.1 × 10 −5 • C −1 ) than TPU (2.0 × 10 −5 • C −1 ), the Young's modulus of the TPU is only 0.25 GPa, whereas the one of PLA is 2.30 GPa. In addition, the Poisson's ratios of TPU and PLA are 0.49 and 0.33, respectively. Thus, considering the thermal effects in a three-dimensional body, as shown in Equation (3) for the y plane, TPU will present higher strains than the PLA material.
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where E is the material Young's modulus, υ is the Poisson's ratio and σ is the stress. Following the strain simulations, analysis of the strain on the FBG was performed. It is noteworthy that the Young's modulus of silica (about 70 GPa) is an order of magnitude higher than the ones of TPU and PLA. Hence, one can assume that the silica will impose a restriction on the 3D-printed structure deformation proportional to the ratio between silica Young's modulus and 3D-printed structure material Young's modulus, as also described in [44] for a similar case. Since the PLA Young's modulus is about ten times higher than the one of TPU, it is expected that the PLA structure will lead to the highest temperature sensitivity (due to the higher transmitted strain than TPU), even though the TPU structure shows higher strain variation with temperature. In addition, as already discussed, it is expected a lower response time from the PLA structure due to its temperature response shown in Figure 1 . Following this same assumption, it is also expected that the PLA structure will present higher temperature sensitivity than the one reported in previous works with ABS structures [32] .
Experimental Setup
To verify the assumptions presented in Section 2 and to validate the temperature sensors, experimental tests are performed with the FBG sensors embedded in both materials (TPU and PLA).
An unembedded FBG is also tested to provide a comparison between all different approaches. In all tested sensors, the FBGs were inscribed using the phase mask technique with a KrF Excimer laser operating at 248 nm and present central wavelength in the C-band with a physical length of 10 mm.
For the 3D-printed structures fabrication, we used the 3D printer Sethi3D S3 (Sethi, Brazil), where all structures have a 99% infill density, which is the one that results in highest temperature sensitivity and can withstand higher forces (up to 1 kN), as discussed in [32] . As shown in Figure 3a , the 3D-printed structure has a v-groove for the fiber positioning. The embedment process comprised of pausing the printing when the v-groove was printed and, then, positioning the fiber on the vgroove with the FBG region in the center of the 3D-printed structure. Thereafter, the printing process was resumed and the FBG-embedded 3D-printed structure was fabricated. The steps for the FBGembedded 3D-printed temperature sensor fabrication are depicted in Figure 3a , where the process of printing and embedding the fiber on the 3D-printed structure took only about 15 min. Furthermore, there is also the possibility of process automation, which leads to lower production times with the Following the strain simulations, analysis of the strain on the FBG was performed. It is noteworthy that the Young's modulus of silica (about 70 GPa) is an order of magnitude higher than the ones of TPU and PLA. Hence, one can assume that the silica will impose a restriction on the 3D-printed structure deformation proportional to the ratio between silica Young's modulus and 3D-printed structure material Young's modulus, as also described in [44] for a similar case. Since the PLA Young's modulus is about ten times higher than the one of TPU, it is expected that the PLA structure will lead to the highest temperature sensitivity (due to the higher transmitted strain than TPU), even though the TPU structure shows higher strain variation with temperature. In addition, as already discussed, it is expected a lower response time from the PLA structure due to its temperature response shown in Figure 1 . Following this same assumption, it is also expected that the PLA structure will present higher temperature sensitivity than the one reported in previous works with ABS structures [32] .
For the 3D-printed structures fabrication, we used the 3D printer Sethi3D S3 (Sethi, Brazil), where all structures have a 99% infill density, which is the one that results in highest temperature sensitivity and can withstand higher forces (up to 1 kN), as discussed in [32] . As shown in Figure 3a , the 3D-printed structure has a v-groove for the fiber positioning. The embedment process comprised of pausing the printing when the v-groove was printed and, then, positioning the fiber on the v-groove with the FBG region in the center of the 3D-printed structure. Thereafter, the printing process was resumed and the FBG-embedded 3D-printed structure was fabricated. The steps for the FBG-embedded 3D-printed temperature sensor fabrication are depicted in Figure 3a , where the process of printing and embedding the fiber on the 3D-printed structure took only about 15 min. Furthermore, there is also the possibility of process automation, which leads to lower production times with the potential of large-scale production. Furthermore, FBG spectra before and after embedded in the TPU flexible structure is shown in Figure 3b , which shows a slight decrease on the reflectivity and a red-shift of about 0.1 nm. Similar results are reported in [32] for rigid materials, such as PLA. potential of large-scale production. Furthermore, FBG spectra before and after embedded in the TPU flexible structure is shown in Figure 3b , which shows a slight decrease on the reflectivity and a redshift of about 0.1 nm. Similar results are reported in [32] for rigid materials, such as PLA. Following the sensor fabrication, all three samples (PLA-embedded, TPU-embedded and unembedded) temperature sensors were placed inside the thermostatic bath ECO-RE630 (LAUDA, Germany) with closed loop temperature control (temperature accuracy of 0.01 °C), where water was used as bath fluid with forced circulation. In addition, the wavelength shift of each sensor was Following the sensor fabrication, all three samples (PLA-embedded, TPU-embedded and unembedded) temperature sensors were placed inside the thermostatic bath ECO-RE630 (LAUDA,
Germany) with closed loop temperature control (temperature accuracy of 0.01 • C), where water was used as bath fluid with forced circulation. In addition, the wavelength shift of each sensor was monitored by the FBG interrogator sm125 (Micron Optics, Atlanta, CA, USA) with 1 pm wavelength resolution.
The validation tests comprised of increasing the temperature from 20 • C to 70 • C in steps of 10 • C, where each temperature was kept constant for about 5 min. Then, the temperature was decreased from 70 • C to 20 • C with the same steps to evaluate the sensor hysteresis. The response of each sensor was evaluated and compared with respect to the sensitivity, linearity and hysteresis. In addition, we also analyzed the response time of each sensor. The sensitivity was defined as the ratio between the wavelength shift and temperature variation, whereas the linearity was the determination coefficient (R 2 ) between the sensor response and a linear regression curve [45] . In addition, hysteresis was the difference in the sensor response between temperature cycles (with temperature increase and decrease).
Results and Discussion
The results for the temperature characterization (made with the experimental setup described in Section 3) are presented in Figure 4 . Figure 4a shows the Bragg wavelength for the FBG embedded in the PLA structure as a function of the time. The comparison between the responses of each structure is presented in Figure 4b , where the wavelength shift of each sensor is presented as a function of the temperature. In addition, the sensitivity and linearity of each sensor are presented.
When the linearity of each sensor was analyzed, it was possible to note that, even though all sensors presented high linearity (R 2 higher than 0.99), the highest linearity was achieved with the unembedded FBG, whereas the lowest one was found for the FBG embedded in the TPU structure. The reason for this behavior may be related to the material stiffness, which can isolate the sensor from perturbations caused by the fluid circulation inside the thermostatic bath. Thus, such effect was lower for the unembedded silica fiber due to its higher stiffness, followed by the PLA structure, which has higher stiffness than the TPU. This behavior can also be explained by the material anisotropy, which can create a non-uniform strain field on the grating when the temperature increases. For this reason, it is expected that a material with higher anisotropy will result in lower linearity for the FBG-embedded temperature sensor. The validation tests comprised of increasing the temperature from 20 °C to 70 °C in steps of 10 °C , where each temperature was kept constant for about 5 min. Then, the temperature was decreased from 70 °C to 20 °C with the same steps to evaluate the sensor hysteresis. The response of each sensor was evaluated and compared with respect to the sensitivity, linearity and hysteresis. In addition, we also analyzed the response time of each sensor. The sensitivity was defined as the ratio between the wavelength shift and temperature variation, whereas the linearity was the determination coefficient (R 2 ) between the sensor response and a linear regression curve [45] . In addition, hysteresis was the difference in the sensor response between temperature cycles (with temperature increase and decrease).
When the linearity of each sensor was analyzed, it was possible to note that, even though all sensors presented high linearity (R 2 higher than 0.99), the highest linearity was achieved with the unembedded FBG, whereas the lowest one was found for the FBG embedded in the TPU structure. The reason for this behavior may be related to the material stiffness, which can isolate the sensor from perturbations caused by the fluid circulation inside the thermostatic bath. Thus, such effect was lower for the unembedded silica fiber due to its higher stiffness, followed by the PLA structure, which has higher stiffness than the TPU. This behavior can also be explained by the material anisotropy, which can create a non-uniform strain field on the grating when the temperature increases. For this reason, it is expected that a material with higher anisotropy will result in lower linearity for the FBGembedded temperature sensor.
(a) Comparing the results presented in Figure 4b , the FBG embedded in the 3D-printed PLA structure shows far higher sensitivity than the other sensors analyzed (TPU structure and unembedded). In fact, the FBG embedded PLA structure has a temperature sensitivity of about 139 pm/°C, which is one of the highest reported temperature sensitivities for silica FBG-based temperature sensors. The unembedded FBG shows a temperature sensitivity of about 10.5 pm/°C, which is in accordance with previously published works in the literature [13] . The FBG embedded in TPU structure shows a slight increase in temperature sensitivity, which is about 13.8 pm/°C. This sensitivity is higher than the theoretical limitation of the FBG temperature sensitivity (in silica fibers), which is the application of Equation (2) without strain. Thus, the theoretical limitation of temperature sensitivity for FBGs depends on the silica thermal expansion coefficient (α = 0.55 × 10 −6 °C −1 ) and thermo-optic coefficient (ζ = 6.8 × 10 −6 °C −1 ) as well as the Bragg wavelength. Considering the aforementioned values, the theoretical temperature sensitivity of FBGs in silica fibers is about 10.9 pm/°C. This higher temperature sensitivity of the FBG-embedded TPU structure indicates that the wavelength shift is due to not only the temperature effects in the fiber, but also to the thermally induced stress/strain of the TPU structure on the grating. The same principle occurs with the FBG embedded in the PLA structure, where more strain is transmitted to the grating due to the PLA higher Young's modulus, which is about ten times higher when compared to the one of TPU. Interestingly, the temperature sensitivity of the PLA structure is also about ten times higher than that of the TPU, which indicates, as assumed in Section 2, the strain transmission from the 3D-printed structure to the FBG follows a direct proportionality with the materials Young's modulus. Thus, even though the TPU structure shows the higher strain with temperature variation (see Figure 2b) , only a small part of this strain is actually transmitted to the silica fiber due to its much higher Young's modulus, whereas the strain transmission of the PLA structure is higher, resulting in a higher temperature sensitivity.
For the hysteresis analysis, two temperature cycles were performed, where the temperature was increased from 20 °C to 70 °C and, then, decreased from 70 °C to 20 °C. The results of this test are presented in Figure 5 . To provide a better visualization of each curve, Figure 5a depicts the results obtained in the temperature cycles for the FBG-embedded TPU structure and unembedded FBG, Comparing the results presented in Figure 4b , the FBG embedded in the 3D-printed PLA structure shows far higher sensitivity than the other sensors analyzed (TPU structure and unembedded). In fact, the FBG embedded PLA structure has a temperature sensitivity of about 139 pm/ • C, which is one of the highest reported temperature sensitivities for silica FBG-based temperature sensors. The unembedded FBG shows a temperature sensitivity of about 10.5 pm/ • C, which is in accordance with previously published works in the literature [13] . The FBG embedded in TPU structure shows a slight increase in temperature sensitivity, which is about 13.8 pm/ • C. This sensitivity is higher than the theoretical limitation of the FBG temperature sensitivity (in silica fibers), which is the application of Equation (2) without strain. Thus, the theoretical limitation of temperature sensitivity for FBGs depends on the silica thermal expansion coefficient (α = 0.55 × 10 −6 • C −1 ) and thermo-optic coefficient (ζ = 6.8 × 10 −6 • C −1 ) as well as the Bragg wavelength. Considering the aforementioned values, the theoretical temperature sensitivity of FBGs in silica fibers is about 10.9 pm/ • C. This higher temperature sensitivity of the FBG-embedded TPU structure indicates that the wavelength shift is due to not only the temperature effects in the fiber, but also to the thermally induced stress/strain of the TPU structure on the grating. The same principle occurs with the FBG embedded in the PLA structure, where more strain is transmitted to the grating due to the PLA higher Young's modulus, which is about ten times higher when compared to the one of TPU. Interestingly, the temperature sensitivity of the PLA structure is also about ten times higher than that of the TPU, which indicates, as assumed in Section 2, the strain transmission from the 3D-printed structure to the FBG follows a direct proportionality with the materials Young's modulus. Thus, even though the TPU structure shows the higher strain with temperature variation (see Figure 2b) , only a small part of this strain is actually transmitted to the silica fiber due to its much higher Young's modulus, whereas the strain transmission of the PLA structure is higher, resulting in a higher temperature sensitivity.
For the hysteresis analysis, two temperature cycles were performed, where the temperature was increased from 20 • C to 70 • C and, then, decreased from 70 • C to 20 • C. The results of this test are presented in Figure 5 . To provide a better visualization of each curve, Figure 5a depicts the results obtained in the temperature cycles for the FBG-embedded TPU structure and unembedded FBG, whereas Figure 5b shows the response for the FBG-embedded PLA structure due to the large sensitivity difference between the 3D-printed structures.
The comparison between all three samples shows a lower hysteresis for the unembedded FBG, where a negligible hysteresis was obtained (below the FBG interrogator resolution). In contrast, a much higher hysteresis was found in the TPU structure, where a hysteresis as high as 5% was obtained. The hysteresis was estimated through the ratio of the highest difference between increasing and decreasing temperature with the wavelength shift obtained in the whole cycle (20 • C to 70 • C). This high hysteresis found for the TPU is related to the material response, which can present hysteresis due to its viscoelasticity [34] and the material anisotropy. Same analysis was made for the FBG-embedded PLA structure, but a much lower hysteresis was obtained. In this case, the maximum hysteresis is below 0.5%. Therefore, the PLA is a much more suitable material for the FBG embedment in temperature sensors applications, since it provides ten times higher sensitivity, higher linearity and much lower hysteresis than the TPU.
The last performed analysis is the characterization of the sensor response time. In this case, a 10-• C step was applied and the deviation between the sensor response and the temperature rise was analyzed for each tested sample on the interval between 20 • C and 30 • C due to the higher stability of the thermostatic bath in this interval. To provide a better comparison between the sensors, the response of each sensor is shown with respect to the estimated temperature by applying the characterization equations obtained for each FBG sensor in Figure 4b . The response time of each sensor is depicted in Figure 6 , where the response time of each sensor is the difference between the temperature rise time obtained from each sensor with the temperature increase time of the thermostatic bath. Thus, it is possible to observe the transient response of each sensor, where the unembedded FBG presented the highest slope on the temperature curve (as a function of time), indicating its lower response time, i.e., it reaches the steady state temperature faster than the other tested sensors. The response time of the thermostatic bath is about 140 s, i.e., the thermostatic bath takes 140 s to increase the temperature from 20 • C to 30 • C. In addition, Figure 6 inset depicts the high sensitivity difference between the sensors at this temperature range. whereas Figure 5b shows the response for the FBG-embedded PLA structure due to the large sensitivity difference between the 3D-printed structures.
The comparison between all three samples shows a lower hysteresis for the unembedded FBG, where a negligible hysteresis was obtained (below the FBG interrogator resolution). In contrast, a much higher hysteresis was found in the TPU structure, where a hysteresis as high as 5% was obtained. The hysteresis was estimated through the ratio of the highest difference between increasing and decreasing temperature with the wavelength shift obtained in the whole cycle (20 °C to 70 °C). This high hysteresis found for the TPU is related to the material response, which can present hysteresis due to its viscoelasticity [34] and the material anisotropy. Same analysis was made for the FBG-embedded PLA structure, but a much lower hysteresis was obtained. In this case, the maximum hysteresis is below 0.5%. Therefore, the PLA is a much more suitable material for the FBG embedment in temperature sensors applications, since it provides ten times higher sensitivity, higher linearity and much lower hysteresis than the TPU.
The last performed analysis is the characterization of the sensor response time. In this case, a 10-°C step was applied and the deviation between the sensor response and the temperature rise was analyzed for each tested sample on the interval between 20 °C and 30 °C due to the higher stability of the thermostatic bath in this interval. To provide a better comparison between the sensors, the response of each sensor is shown with respect to the estimated temperature by applying the characterization equations obtained for each FBG sensor in Figure 4b . The response time of each sensor is depicted in Figure 6 , where the response time of each sensor is the difference between the temperature rise time obtained from each sensor with the temperature increase time of the thermostatic bath. Thus, it is possible to observe the transient response of each sensor, where the unembedded FBG presented the highest slope on the temperature curve (as a function of time), indicating its lower response time, i.e., it reaches the steady state temperature faster than the other tested sensors. The response time of the thermostatic bath is about 140 s, i.e., the thermostatic bath takes 140 s to increase the temperature from 20 °C to 30 °C. In addition, Figure 6 inset depicts the high sensitivity difference between the sensors at this temperature range.
(a) The response time of each sensor as a function of the temperature was obtained by subtracting the time that each sensor takes to increase the temperature from 20 °C to 30 °C with the time that the thermostatic bath takes to increase the temperature in this same range. Thus, this analysis already accounts for the dynamics of the thermostatic bath (2.8 °C/min), which is limited to the bath fluid (water) dynamics, harming the application of higher temperature rates. Nevertheless, analyzing a The response time of each sensor as a function of the temperature was obtained by subtracting the time that each sensor takes to increase the temperature from 20 °C to 30 °C with the time that the thermostatic bath takes to increase the temperature in this same range. Thus, this analysis already accounts for the dynamics of the thermostatic bath (2.8 °C/min), which is limited to the bath fluid (water) dynamics, harming the application of higher temperature rates. Nevertheless, analyzing a The response time of each sensor as a function of the temperature was obtained by subtracting the time that each sensor takes to increase the temperature from 20 • C to 30 • C with the time that the thermostatic bath takes to increase the temperature in this same range. Thus, this analysis already accounts for the dynamics of the thermostatic bath (2.8 • C/min), which is limited to the bath fluid (water) dynamics, harming the application of higher temperature rates. Nevertheless, analyzing a lower temperature rate (0.8 • C/min), similar response times were found. The unembedded FBG shows the lowest response time, since it only takes 0.3 s to respond a temperature variation of 1 • C. For the 3D-printed structures, the response time is higher, which is expected due to the higher thermal resistance imposed by both PLA and TPU structures. The response times in these cases are 1.6 s and 1.8 s for the TPU and PLA, respectively. The maximum response time variation, when compared with the case where the lower temperature variation rate was applied (0.8 • C/min), was below 3% (for the TPU-embedded FBG). Such lower variation on the response time indicates that the response times estimated with the employed method are not influenced by the thermostatic bath dynamics (since these dynamics are compensated for in the response time calculation). The reason for such lower response time for the TPU structure is related to its higher thermal conductivity (1.9 W/(m • C)) when compared with the one of PLA (1.3 W/(m • C)). Following Fourier's law, such higher thermal conductivity coefficient leads to a faster temperature response.
To summarize the analyses performed, Table 1 shows a comparison between the sensors with respect to linearity, sensitivity, hysteresis and response time. In addition, we also compares the temperature resolution of each sensor, which was estimated considering the sensitivity of each sensor and the FBG interrogator wavelength resolution (1 pm). Thus, it is expected a higher resolution of the PLA-embedded FBG due to its higher sensitivity. The results presented in Table 1 show that a PLA-embedded FBG sensor is a suitable solution when high precision, sensitivity and resolution is required and the 3D printing methods employed for its fabrication are well-aligned with the requirements for soft robotics applications. Thus, for temperature sensing applications, the PLA is the preferred material for the FBG embedment, since this material provides higher sensitivity and linearity with lower hysteresis than the other two tested options. The thermally induced strain sensitivity of each material for FBG embedment depicted in Figure 2b is also shown in Table 1 , since it indicates that the TPU structure may present some advantages in strain sensing applications due to its higher flexibility when compared with the PLA. 
Conclusions
This paper presents the development of a FBG-embedded temperature sensor using ALM techniques, specifically, fused deposition modeling, the so-called 3D printing, where the FBG was embedded in 3D-printed structures made of two different materials, namely PLA and TPU. A numerical analysis of the material behavior under temperature and its effects on the FBG was performed prior to the sample fabrication using the finite element method. Thereafter, the FBG-embedded 3D-printed structures were fabricated using PLA and TPU, whereas an unembedded FBG was used as reference to provide a comparison between the different sensors. The experimental analysis shows a high temperature sensitivity of the PLA-embedded FBG sensor, which is one of the highest reported sensitivities for temperature sensors (139 pm/ • C). In addition, the PLA-embedded sensor shows an almost negligible hysteresis, where the maximum hysteresis was 0.5%. In addition, the TPU-embedded structure also shows higher sensitivity than the unembedded FBG and lower response time than the PLA-embedded one. The results reported in this work show the feasibility of applying ALM in conjunction with optical fiber sensors to provide a substantial enhancement on the optical fiber sensor performance. Furthermore, as the soft robotics field moves towards the use of 3D printing in actuators and flexible structures design, the proposed FBG-embedded sensor is an important tool in this application field. Thus, it is possible to design actuators, structures and sensors with the same manufacturing process, which results in a portable and highly customizable system.
